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ecently, a tremendous amount of experimental and theoretical effort has been directed toward the study of clusters due to their potential applications in nanotechnology. [1] [2] [3] [4] [5] [6] For example, chemically inert clusters may be ideal building blocks for tailored nanomaterials. Thus, it is important to uncover general principles which may be used to explain enhanced cluster stability and to understand how the experimental conditions affect which superstable (magic) clusters are produced. Often, geometric and electronic shell filling arguments can adequately explain the pronounced stability of so-called magic clusters. For example, the stability of Ba 32 C 60 was attributed to geometrical shell filling. 7 It was postulated that each Ba atom is situated on top of one of the 12 pentagonal or 20 hexagonal faces of the fullerene and that completion of this first metallic layer leads to increased stability. On the other hand, the stability of (K 6 C 60 ) n K ϩ was explained via electronic shell-filling arguments. 8 The C 60 LUMO is triply degenerate and can therefore accommodate six electrons. Thus, a transfer of the valence 4s 1 occupations from six potassium atoms yields a particularly stable structure. The coincident closure of both the electronic and geometric shells accounts for the magic character of the Al 13 -cluster anion. 9 Other examples where both factors play a role include AlPb 10 ϩ , AlPb 12 ϩ 3 and Sc@Cu 16 ϩ . 4 The first two systems adopt a close-packed structure with optimally filled electronic shells, whereas the third exhibits a closed electronic shell along with a highly stable dopant encapsulated structure. However, recent studies have pointed out that simple geometric and electronic shell-filling arguments may not be generally applicable to determine which clusters are magic. 1, 2 In a recent communication on metalfullerene clusters we have demonstrated that the experimental setup drastically affects the observed cluster distribution. 1 In the experiments of Martin et al., 7, 8 the clusters were produced in a low-pressure, inert gas condensation cell cooled by liquid nitrogen. After being transported to a high vacuum chamber they were photoionized.
To enhance the intensity of the magic peaks it was necessary to heat the clusters either with the same laser pulse used for ionization or with a second pulse which arrived after the ionizing laser. A new experimental setup containing a novel heating/cooling stage mounted directly after the cluster source has revealed a different set of magic peaks for BaϪC 60 and KϪC 60 compound clusters. 1 Here, the clusters were heated to a temperature varying between 150 to 1800 K via thermalization with a He bath for a time span on the order of ca. 1 ms. Afterward, they were cooled to 150 K then photoionized and measured by time-offlight (TOF) mass spectroscopy. Since photon absorption occurs within nanoseconds, it was postulated that the clusters produced by Martin et al. may not be the most stable configurations. The new experimental setup overcomes this: the longer annealing times increase the probability to reach the minimum in the Gibbs free energy (GFE). Indeed, our density functional calculations revealed that entropy plays a substantial role in determining absolute cluster stability and that the experimentally observed magic clusters corresponded to minima in the GFE. Herein, we illustrate how the temperature of the heating stage affects the observed distribution of BaϪC 60 and KϪC 60 compound clusters. Our results suggest that the experimental setup may be used to produce nanoscale clusters with a set of specific, desirable properties simply by modifying the annealing temperature. By monitoring the mass spectra and decay curves obtained at different temperatures of the heating stage, we demonstrate that the thermodynamic stability of the clusters is probed at temperatures surpassing those required for fragmentation of the initial metastable clusters formed at the source. Moreover, we show that the experimental setup measures the stability of the neutral, and not of the charged, species. Density functional calculations are employed to uncover the most stable M n (C 60 ) 2 (M ϭ K, Ba; 1 Յ n Յ 6) systems and to explain the origin of their stability. Finally, a simple criterion which may be used to determine the absolute and relative stabilities of multicomponent clusters, where the quantity of only one of the components changes, is proposed.
EXPERIMENTAL RESULTS
Thermal Stability of C 60 ؊Ba Clusters. Previously, we have demonstrated that the thermal stability of C 60 clusters can be significantly enhanced by adding alkali or alkaline-earth metal atoms, thus forming superstable metalO(C 60 ) m compound clusters. 1 Whereas the decay temperatures for (C 60 ) 2 , (C 60 ) 3 , and (C 60 ) 4 were found to be 189, 270, and 340 K, respectively, much higher annealing temperatures could be reached via addition of K or Ba. Figure 1 illustrates the effect of the temperature of the heating cell on the mass spectra of Ba n (C 60 ) m clusters (in all cases the cooling cell was maintained at 150 K). Examination of Figure 1a reveals that the "cold" spectrum obtained at 150 K appears smooth, with no pronounced peaks, as is characteristic for a statistical size distribution. Figure 1b illustrates that as the temperature is raised to 1280 K, distinct peaks start to arise. At 1780 K, several prominent peaks corresponding to particularly stable configurations are found (see Figure  1c ). These Ba n (C 60 ) m magic clusters have the configuration (n, m) ϭ (3, 2), (5, 3), (7, 4) , (10, 5) , (13, 6) , and (14, 7 useful for the design of nanoscale clusters with, for example, highly desirable optical or magnetic properties. However, thermal equilibration is necessary to produce clusters with the most stable configurations. Metastable structures can easily be created by nonequilibrated cluster beams. To follow the thermally induced structural transition, we have taken a series of mass spectra, gradually adjusting the temperature of the heating stage. In Figure 2 we illustrate the dependence of the position and intensity of the peaks for Ba n (C 60 ) 3 . The intensities of the mass peaks have been normalized here to the signal accumulation time as well as to the integrated intensities of the signal in the mass range from 1460 to 20000 amu, to allow for a direct comparison of the intensities. At 150 K, a broad distribution with 1 Յ n Յ 13 is found. The initial heating stages probe the kinetic stability of the clusters formed at the source. That is, we need to overcome the activation energy necessary for these metastable clusters to fragment. Our experiment yields information about the thermodynamic stability of the BaϪC 60 clusters only after complete fragmentation of the initial compounds has occurred. Thermodynamic equilibrium is achieved through the long annealing times (ϳ1 ms). Examination of Figure 2 illustrates clearly that at 1210 K Ba 8 (C 60 ) 3 and Ba 5 (C 60 ) 3 are thermodynamically the most stable species. If they were only kinetically stable then one would expect the peaks at 150 K to be at least as intense as those at 1210 K. Instead, the height of these signals increases with increasing temperature. Further annealing results in the disappearance of Ba 8 (C 60 ) 3 from the mass spectra and a sharp increase in the amount of Ba 5 (C 60 ) 3 , which displays a maximum at 1530 K.
In an equilibrium mixture at constant temperature and pressure, the most stable clusters minimize the GFE. Later, we will demonstrate that for this set of systems the entropic contributions to the GFE are considerable and play a substantial role in determining which clusters are magic. Annealing past 1530 K results in the gradual decay of Ba 5 (C 60 ) 3 , until it has almost disappeared (i.e., it is no longer a minimum on the GFE surface) at around 1870 K. The decay curves for Ba 5 (C 60 ) 3 , Ba 8 (C 60 ) 3 , and Ba 11 (C 60 ) 3 in the inset of Figure 2 illustrate that for systems containing 3C 60 s, the higher the temperature, the lower the amount of Ba atoms in the most thermodynamically stable species. However, examination of Figure 1 reveals that in general higher temperatures shift the equilibrium toward larger clusters. For example, Ba 3 (C 60 ) 2 clusters assume an intensity maximum at 1280 K, whereas the larger Ba 14 (C 60 ) 7 clusters are most abundant at 1780 K. This is also seen clearly in Figure 3 which illustrates that of all clusters containing (C 60 ) m (m Ͻ 8) the Ba 14 (C 60 ) 7 clusters have the highest decay temperatures. Figure 3 also shows that the greater the amount of fullerenes in the cluster, the greater the number of bariums necessary for thermal stabilization, suggesting that the clusters contain C 60 ϪBaϪC 60 bonds.
To determine if the magic configurations are dependent upon the charge, we have also investigated the abundance spectra of multiply charged clusters. By focusing the light of the ionization laser with a lens the probability of multiphoton ionization of clusters was increased and hence larger amounts of doubly charged clusters were produced. Mass spectra of singly and doubly charged Ba n (C 60 ) 3 clusters are shown in Figure 4 . The doubly charged clusters appear at one-half of the mass of singly charged clusters. There is quantitative agreement between the peak intensities of singly and doubly charged clusters, and the isotopic distribution, shown for the (5, 3)-cluster in the inset, coincides quan- www.acsnano.org titatively with the simulated intensities for this configuration (bars in the inset). It can be concluded from this agreement that the magic cluster configuration does not depend on the cluster charge. Thus, our experiments probe the stability of the neutral clusters. In summary, heating to moderate temperatures yields information about the kinetic stability of the initial metastable clusters formed at the source. When the temperatures are high enough to overcome the activation barrier for the fragmentation of these metastable clusters, our experiments probe the thermodynamic stability of the BaϪC 60 compound clusters.
Thermal Stability of C 60 ؊K Clusters. ). Thus, identical magic numbers as for the BaϪC 60 clusters would be an indication that geometric effects determine the stability of these systems. Figure 5 illustrates that at 900 K the most stable K n (C 60 ) m clusters had the composition (n, m) ϭ (4, 2), (6, 3) , (8, 4) , (11, 5) , (14, 6) , and (17, 7), none of which were observed in ref 8 . Once again, the experimental conditions have an influence on the magic peaks observed, and neither electronic nor geometric shell-filling arguments can be used to rationalize the species produced. The former and latter would predict, for example, that K 12 (C 60 ) 2 or K 64 (C 60 ) 2 are particularly stable structures. Here, thermal equilibration is also necessary in order to fragment all of the initial metastable clusters formed at the source and probe the thermodynamic stability of the KϪC 60 systems. Whereas annealing the KϪC 60 clusters past 900 K led to the disappearance of whole groups of peaks from the mass spectrum, the BaϪC 60 species could be heated up to ca. 1900 K, indicating that the latter exhibit stronger metalO fullerene bonding than the former. Figure 6 illustrates that once the fragmentation of the metastable clusters formed at the source is complete, a complex thermodynamic equilibrium is reached. In complete agreement with the results obtained for BaϪC 60 , larger clusters appear to be thermodynamically more stable than smaller ones at very high temperatures. For example, K 17 (C 60 ) 7 and K 14 (C 60 ) 6 have the highest decay temperatures.
For the K n (C 60 ) m clusters, we have also investigated the dependence of the stable cluster configurations on the cluster charge, similar to the procedure described earlier. We can conclude here also that our experiments probe the stability of neutral clusters, as we did not observe a charge dependence of the spectra of the stable cluster configurations.
THEORETICAL RESULTS
Ba n C 60 and K n C 60 Clusters. Despite the fact that theoretical work on exohedral fullerene clusters is abundant, only a few papers specifically consider a single C 60 with a varying number of K atoms. Electronic structure calculations have been performed on K n C 60 with n ϭ 1, 2, 3; 10,11 n ϭ 6, 12 11 and n ϭ 32. 12 To the best of our knowledge, there has not been any previous computational work on Ba containing clusters, however DFT has been used to study Ca n C 60 , with n ϭ 12, 20 13 and n ϭ 32. 12, 13 Recently, quantum chemical molecular dynamics simulations have been successfully used to study the mechanism of fullerene formation. Herein, we will consider the general reaction
where M ϭ K, Ba and m ϭ 1, 2. We define the bonding energy per metal atom, ⌬ M E , as
where E(x) is the energy of species x . The change in the Gibbs free energy per metal atom, ⌬ M G , finite temperature enthalpy correction per metal atom, ⌬ M H EC , and the entropy per metal atom multiplied by the temperature, T⌬ M S , will be defined similarly to the ⌬ M E in eq 2 for the reaction given in eq 1. Within the Appendix we illustrate that for a set of binary clusters A n B k with varying n, a comparison of ⌬ A W , where W is the energy, enthalpy, Gibbs or Helmholz free energy, easily and unambiguously reveals the absolute and relative stabilities of the clusters within the set. The Cartesian coordinates and energies of all of the systems studied are given in the Supporting Information.
The ) of the fullerene. We have not considered endohedral Ba/K@C 60 systems since fragmentation experiments revealed that the metal atoms cannot be located inside the metal cages. However, a recent publication has studied heavy atoms in C 60 .
15 Table 1 Hamamoto et al. have found that, for the most stable isomers of K n C 60 (n ϭ 1, 2, 6) and K 3 C 60 Ϫ , the potassium ions are located on top of the hexagonal fullerene faces. Moreover, to reduce the Coulomb repulsion, the potassium ions are as far apart from each other as possible. 11 With this in mind, we have optimized possible structures for K n C 60 (1 Յ n Յ 6), shown in Figure 7 .
Since it was not the main goal of this work to study clusters containing one fullerene, different geometric alternatives were not considered. Nonetheless, we can examine the ⌬ K E and average Mulliken charges per potassium for the optimized clusters, given in Figure  8a ,b, respectively. In agreement with previous work, 10,11 the ⌬ K E becomes less negative and the charge per atom decreases, with increasing n . To decrease the Coulomb repulsion between the potassium ions, progressively less charge is donated to the C 60 unoccupied orbitals as n increases. This implies a weaker ionic bonding, along with a decrease in the amount of energy gained upon cluster formation for larger n . However, as will be shown later, it is not the
which in this case determines the most stable clusters. We have also optimized possible isomers of Ba n C 60 (n ϭ 2, 3), with the same configuration as the potassium www.acsnano.org clusters shown in Figure 7 . The ⌬ Ba E and average Mulliken charges per barium can be found in Figure 8c and 8d, respectively. The ⌬ Ba E for the barium clusters are ca. 5 kcal/ mol larger in magnitude than for the potassium, indicating stronger C 60 ϪBa bonding. Once again, the average charge on the metal decreases with increasing n. In contrast to the potassium clusters, the structure with the lowest ⌬ Ba E contains two, not one, metal atoms. Interestingly, Ba 2 C 60 corresponds to a magic peak at 150 K in Figure 1a , indicating that this is a metastable cluster formed at the source.
From this initial study on potassium and barium interaction with C 60 , we can conclude that both metals prefer to bond to a hexagonal fullerene face. However, the nature of the metalOC 60 interaction is different in each case. For potassium, the bonding appears to be purely ionic with a decreasing amount of charge transfer to the C 60 per K (and therefore a decreasing ⌬ K E ), with increasing n. In the case of barium, the bonding is not completely ionic, as indicated by the relatively low metal atom charges. Another mechanism must be considered which also explains the minimum in ⌬ Ba E occurring for Ba 2 C 60 .
Bonding and Stability of Ba n (C 60 ) 2 (1 < n < 6) Clusters. The optimized geometries and ⌬ Ba E of possible Ba n (C 60 ) 2 (1 Յ n Յ 6) isomers are given in Figure 9 . Due to the fact that irradiation of solid C 60 with visible or ultraviolet light induces a [2 ϩ 2] cycloaddition leading to the formation of C 60 dimers, 16, 17 we have considered structures containing a (C 60 ) 2 carbon framework, 9.1 and 9.4. Examination of the most stable n ϭ 1, 2 clusters (9.2 and 9.5) shows that their ⌬ Ba E is much larger in magnitude (40Ϫ45 kcal/mol), indicating that a C 60 -bridgingϪBa bond is much stronger than the bond between two C 60 s. It is also stronger than a BaϪC 60 bond since the ⌬ Ba E of 9.2 is ca. 30 kcal/mol greater in magnitude than that of the most stable BaC 60 isomer. Moreover, comparison of 9.6 and 9.8 reveals that the C 60 -bridgingϪBa bond is also more favorable than a BaϪBa bond. The most stable structures for a given n all have a C 60 ϪBa n ϪC 60 arrangement, with the barium atoms sandwiched between the two fullerenes (set A). However, as n increases, the ⌬ Ba E of clusters with a BaϪC 60 ϪBa (nϪ2) ϪC 60 ϪBa configuration (set B) becomes comparable. For example, the ⌬ Ba E of 9.11 is only 1.3 kcal/mol less negative than that of 9.12. It must be noted that for the Ba(C 60 ) 2 cluster belonging to set A, we have considered geometries where the barium atom was situated between two hexagonal rings (with D 3d , D 3h , C 2v , and C 2h symmetries), two hexagonal rings rotated 30°with respect to each other (D 3 and C 2 symmetries), two pentagonal rings (D 5h and C 2v symmetries) and two pentagonal rings rotated 27°with respect to each other (D 5d and C 2h symmetries). The D 5h , D 5d , D 3h , D 3d , and D 3 symmetries led to doubly degenerate half-filled HOMOs for which ⌬-SCF singlet and triplet energies were considered, and geometry relaxation led to lower symmetries with a closed-shell electronic structure (C 2v , C 2h , C 2 ). The energies of all of the structures were within ca. 7.5 kcal/mol of each other. However, the isomer lowest in energy contained a barium atom situated between two hexagonal rings and C 2h symmetry (9.2). Hence, in all of the subsequent starting geometries (except 9.1 and 9.4) the two hexagonal faces of C 60 were chosen to point toward each other. Configurations containing h or v symmetry operations were considered, and only the clusters with the lowest energy are shown in Figure 9 .
To clarify the nature of the bonding for the most stable structural alternatives for a given n (9.2, 9.5, 9.8, 9.10, 9.12, and 9.14) we first of all reoptimized these geometries with a higher integration accuracy and then performed a fragment orbital analysis, using the distorted fullerenes (as found in the optimized cluster) and the free Ba atoms, as fragments. 18 This yielded the composition of the molecular orbitals of the metalfullerene clusters in terms of the occupied and unoccupied orbitals of Ba and C 60 . In Ba(C 60 ) 2 , all of the occupied orbitals, with the exception of the HOMO, were composed of occupied orbitals of the two distorted fullerenes, the Ba core and semicore orbitals, and in rare cases contained a small amount of Ba 5d character. The HOMO itself, on the other hand, was made up primarily of unoccupied C 60 orbitals and contained some Ba 5d z 2 and 5d x 2 Ϫy 2 character (6% total). This shows that an important component of the bonding in the Ba(C 60 ) 2 cluster originates from an electron transfer from the Ba 6s orbital to the LUMOs of the two fullerenes. However, despite the fact that one might expect a Ba 2ϩ ion to be strongly stabilized when placed between the two negatively charged C 60 moieties, a complete transfer of the two valence 6s electrons to the C 60 unoccupied orbitals does not occur. This finding is supported by a calculated Mulliken charge of 1.60 on the Ba atom. Instead, we find back-donation into the empty Ba 5d orbitals leading to Ba-5dϪfullerene bonding, which is seen clearly in Figure 10a . Thus, our results support the classification of Ba as an "honorary d-element" by Pyykkö et al.
19-21
The BaOC bond length of 3.06 Å in 9.2 can be compared with the BaON bond length of 2.65 Å calculated for the CsN 7 Ba system in ref 19 . The latter was shown to have up to quintuple bonds (, two , and two ␦). In Figure 10 the calculation has oriented the long axis of the molecule along the x-axis of the coordinate system due to the overall symmetry. A linear combination of the Ba 5d z 2 and 5d 19 Our calculations also revealed that for 2 Յ n Յ 6, the occupied orbitals, except for the n highest, were composed primarily of occupied C 60 and Ba core and semicore orbitals (in some cases a small amount of Ba 5d character was also present). The n highest orbitals, on the other hand, were composed primarily of the C 60 LUMOs, other unoccupied fullerene orbitals and also contained Ba 5d character. For n ϭ 5, 6, some Ba 6s character could also be found. As n increases the Ba atoms become close enough to each other so that they may also form BaϪBa bonds, leading to the formation of a metal cluster between the C 60 s. For example, -bonding between nearest neighbor Ba atoms is evident in the HOMO-3 of Ba 6 (C 60 ) 2 , shown in Figure 10c .
Our analysis illustrates that the Ba n (C 60 ) 2 clusters exhibit ionic bonding due to a transfer of the Ba 6s electrons to the unoccupied fullerene molecular orbitals (⌬ Ba ). Thus, we assumed
⌬ Ba E geo is easy to calculate and varied between 2.3 to 6.6 kcal/mol. A systematic trend could not be observed. The Ba 5d orbitals are involved in both the BaϪBa and covalent BaOC 60 bonding. Hence, a single-point energy calculation where the Ba 5d orbitals have been removed from the basis set should yield approximately the ionic bonding energy. For large n however, the 6s orbitals also participate in BaϪBa bonding, thus this approximation becomes less valid as n increases. To estimate ⌬ Ba E BaϪBa separately, we performed energy calculations on Ba n clusters whose coordinates were fixed to be equivalent to those in the Ba n (C 60 ) 2 clusters. The ⌬ Ba E BaϪBa var- www.acsnano.org ied between Ϫ1.8 to Ϫ6.0 kcal/mol and once again no systematic trend could be found. ⌬ Ba E covalent was obtained by subtracting the geometrical, BaϪBa and ionic bonding energies from the total bonding energy. Our approximations include various reorganization effects. For instance, the ⌬ Ba EBaϪBa term as it is calculated here refers to a neutral Ba cluster whereas in the metalOC 60 systems charge is transferred to the C 60 moieties which will affect ⌬ Ba E BaϪBa to some extent. Likewise, the ⌬ Ba E covalent term also contains the change of the bonding within each Ba n cluster upon removal of some electronic charge due to Ba ¡ C 60 donation and other electronic reorganization effects. Moreover, in the systems with back-donation, ⌬ Ba E ionic could be somewhat different. There is obviously no unique way how the total bonding energy may be split up into different contributions. We believe that our analysis is meaningful within its limitations posed by the approximations that were made and that it offers insight into the different modes of bonding present in the Ba n (C 60 ) 2 clusters. Figure 11 shows the important ⌬ Ba E ionic and ⌬ Ba E covalent contributions, along with the average Mulliken charge per Ba. Note that the ⌬ Ba E are slightly different than those shown in Figure 9 since they were obtained using the higher integration accuracy. For 1 Յ n Յ 3, the dominant interaction is ionic bonding. The magnitude of ⌬ Ba E ionic decreases steadily with increasing n, as does the average charge per metal atom. However, the magnitude of ⌬ Ba Ecovalent increases with increasing n, being the dominant interaction for n ϭ 5, 6. For n ϭ 4, ⌬ Ba E ionic Ϸ ⌬ Ba E covalent . This can be understood by noting that for large n full electron donation to the unoccupied fullerene orbitals cannot occur since the electrostatic repulsion between the Ba 2ϩ ions would be too large for the cluster to be stable. Instead, as n increases so does back-donation to the Ba 5d orbitals, stabilizing clusters where all of the Ba atoms are located between the two fullerenes. Thus, the d-element character of Ba is essential when attempting to rationalize the structural features of these clusters.
The ⌬ Ba E data confirm that Ba 3 (C 60 ) 2 is energetically the most stable cluster. Its stability results from a balance mainly between two reverse trends: on the one hand a decreasing cluster stabilization from the Ba ¡ C 60 electron transfer and on the other hand an increasing stability from C 60 ¡ Ba back-donation, as n increases. However, the ⌬ Ba E of Ba(C 60 ) 2 is only 1.1 kcal/mol higher. To explain the magic character of Ba 3 (C 60 ) 2 , one needs to take entropic and enthalpic contributions into consideration. This will be done in the following section. The Gibbs Free Energy of Ba n (C 60 ) 2 (1 < n < 6) Clusters. In an equilibrium mixture at constant temperature T and pressure p, it is ultimately the GFE of a species x, G(x), which determines the stability of a given structure. The GFE is defined as
Here H(x) and S(x) are the enthalpy and entropy at the given temperature and pressure. The former is a sum of the energy of the species at 0 K plus a finite temperature enthalpy contribution,
Both H EC (x) and S(x) are a sum of terms arising from rotational, translational, vibrational, and electronic degrees of freedom and the former includes the zeropoint energy correction as well as the PV term. Upon defining ⌬ M H EC and T⌬ M S as the change in the finite temperature enthalpy correction per metal atom and the change in entropy per metal atom multiplied by the temperature for the reaction given in eq 1, then ⌬ M G may be written as
In the previous section we considered the first term of eq 6, ⌬ Ba E . Within this section we will analyze the last two terms and finally the ⌬ Ba G itself. Figure 12a shows that ϪT⌬ Ba S decreases with increasing n, implying that the entropic contribution to the ⌬ Ba G destabilizes larger clusters to a lesser extent than smaller ones. To understand why this should be the case consider the two limitting cases:
2n(C 60 ) + nBa f n ( Ba(C 60 ) 2 )
The first reaction yields the largest possible BaOC 60 cluster along with (2n Ϫ 2) free C 60 s, a total of 2n Ϫ 1 molecules. The second produces n molecules, which are also the smallest possible BaOC 60 clusters. Clearly, the first reaction is entropically more favorable, since a greater amount of molecules are produced. This explains the experimental observation that larger clus- ters became more abundant at elevated temperatures. In fact at the highest temperatures attained before fragmentation of all of the clusters occurred, only Ba 13 (C 60 ) 6 and Ba 14 (C 60 ) 7 were observed in the mass spectrum. This leads to the idea that entropic effects may be exploited to produce nanoscale clusters with highly desirable properties by adjusting the temperature of the heating stage. In general ⌬ Ba H EC becomes less negative with increasing n, as can be seen in Figure 12b . The only exception is that ⌬ Ba HEC (Ba 3 (C 60 ) 2 ) Ϸ ⌬ Ba H EC (Ba(C 60 ) 2 ). The finite temperature enthalpy correction stabilizes smaller clusters, however it is about an order of magnitude smaller than the entropic term (at 150 K) and therefore does not have a substantial effect on the total ⌬ Ba G .
The total ⌬ Ba G given in Figure 13 shows that at the experimental pressure of 10 Ϫ6 Torr and at temperatures ranging from 150 to 600 K, Ba 3 (C 60 ) 2 is magic. If we allow for uncertainties in the calculated entropy per metal atom by only up to 4%, the temperature at which all of the clusters will decompose (i.e., where ⌬G Ϸ 0), is in agreement with experimental observations. Errors of this magnitude in ⌬S are to be expected because the harmonic approximation has been applied and because small errors in the entropy inflate errors in the GFE (S is multiplied by T). Therefore we cannot reliably predict which cluster is the most stable at the highest annealing temperatures reached. Nonetheless, our results clearly underline the importance of calculating the enthalpic and, even moreso, entropic contributions to the GFE when determining absolute and relative cluster stabilities. For example, the ⌬ Ba E indicate that the relative order of stabilities is n ϭ 3 Ͼ 1 Ͼ 2 Ͼ 4 Ͼ 5 Ͼ 6, whereas at 300 and 600 K the order becomes n ϭ 3 Ͼ 4 Ͼ 2 Ͼ 6 Ͼ 5 Ͼ 1 and n ϭ 3 Ͼ 4 Ͼ 5 Ͼ 6 Ͼ 2 Ͼ 1. The ⌬ Ba G values at 150 K indicate that already at this temperature Ba 3 (C 60 ) 2 should be magic, whereas experimentally Ba 2 (C 60 ) 2 is observed to have the highest abundance. This is likely because higher annealing temperatures are necessary to overcome the activation barrier to fragment the initial metastable clusters formed at the source. Only when this has occurred do the measurements probe the thermodynamic stability of the clusters.
The calculations show that the Ba n (C 60 ) 2 clusters have many local minima, which are all very close in energy to each other, differing only in a rotation of the C 60 s around the metal core. This suggests that perhaps configurational entropy is also important in determining the absolute stability of the clusters. Since the configurational entropy for the free C 60 s and metal atoms is zero, the change in configurational entropy per metal atom, ⌬ Ba S conf , for the reaction in eq 1 is given as
where ⍀ is the number of configurations and k B is the Boltzmann constant. It is unclear how one may determine ⍀, and instead we will calculate the amount of configurations necessary to have a noticeable impact on the total entropy. We find that ⍀ should be approximately equal to 29, 821, and 3.71 ϫ 10 14 to change T⌬ Ba S conf by 1, 2, and 10 kcal/mol, respectively, at 150 K.
At higher temperatures, these numbers decrease; however, it is unlikely that inclusion of ⌬ Ba S conf would affect the total ⌬ Ba G by more than a few kcal/mol. For the Ba clusters at 150, 300, and 600 K this will not change the order of stability. Bonding and Stability of K n (C 60 ) 2 (1 < n < 6) Clusters. As we have shown, the favored bonding mode for potassium and barium to a single C 60 was the same (configurations where the metal atom lay on top of a hexagonal fullerene face had the lowest ⌬ M E ). This suggests that the two metals may also prefer the same geometries when bonding with two C 60 s. Thus, for the K n (C 60 ) 2 clusters we have not optimized species which were found to be much higher in energy than the most stable Ba n (C 60 ) 2 clusters (9.1, 9.3, 9.4, and 9.6 in Figure 9 ). Instead, we have primarily focused on structures belonging to set A and set B as defined previously. We have optimized clusters containing h or v symmetry ele- ments, and only those lowest in energy are shown in Figure 14 , along with the ⌬ K E . Clearly, for (1 Յ n Յ 4) potassium bonds in a similar fashion as barium to the two C 60 s. However, for n ϭ 5, 6, geometries belonging to set B are preferred. For n ϭ 5, the difference between the ⌬ K E for two sets is quite small, but it is seen to increase substantially for K 6 (C 60 ) 2 .
To clarify the nature of the bonding we reoptimized the most energetically stable moieties with the higher integration accuracy, then performed a fragment orbital analysis, using the distorted C 60 s and the K atoms as fragments. This analysis showed that the bonding is purely of an ionic nature, with an almost full transfer of the valence potassium 4s 1 occupation to the LUMO of the C 60 s. For n ϭ 1, 2 analysis of the cluster orbitals confirmed that the HOMOs were composed solely of the fullerene LUMOs. For n ϭ 4, 6 the highest n/2 orbitals and for n ϭ 3, 5 the highest doubly occupied (n Ϫ 1)/2 orbitals plus the singly occupied HOMO (SOMO), consisted only of contributions from the unoccupied orbitals of the fullerenes.
As one might have expected, for large n the electron transfer from the potassium atoms to the C 60 moieties is not complete because of the increasing Coulomb repulsion between the K ϩ ions, see Figure 15 . It should be noted that the same trend was also observed for K n C 60 clusters. We roughly estimated the purely electrostatic energy for the different clusters by assigning each atom the calculated Mulliken charge. We found that for n ϭ 3, 4, the total electrostatic energy was more negative for the clusters from set A, whereas set B afforded lower electrostatic energies for n ϭ 5, 6, indicating that the preferred geometries tend to minimize the total electrostatic energy. For large amounts of K, the clusters from the first set are less stable than those from the second because the close proximity of the positively charged K atoms results in an increased Coulomb repulsion. For the Ba clusters, on the other hand, the Ba d-element character compensates for this effect by allowing for a C 60 ¡ Ba back-donation of charge such that the clusters of set A remain the most stable at least up to n ϭ 6 . Figure 15 illustrates that in general the ⌬ K E decreased in magnitude as n increased. These numbers are slightly different than those shown in Figure 14 since the geometries were reoptimized with a higher integration accuracy. A certain amount of energy is gained by transferring a K 4s 1 occupation to the fullerene unoccupied orbitals. At the same time, the addition of more and more K atoms also results in an increase of the Coulomb repulsion between them. Hence, overall the energy gained by adding a K atom to the cluster decreases as n increases. Once again this finding correlates with the results obtained when clusters containing a single fullerene were considered. It must be pointed out that K 4 (C 60 ) 2 and K 6 (C 60 ) 2 were slightly more stable than K 3 (C 60 ) 2 and K 5 (C 60 ) 2 , respectively. This is because clusters with n ϭ 4, 6 afford an even number of electrons and hence a full electronic shell, whereas the valence shells for clusters with n ϭ 3, 5 are only half-filled. Our calculations and those of others 10, 11 show that for clusters containing one and two fullerenes, the K atoms prefer to be located on top of hexagonal faces. Thus, K(C 60 ) 2 is more stable than K 2 (C 60 ) 2 because the K is situated directly between two hexagonal fullerene faces. The Gibbs Free Energy of K n (C 60 ) 2 (1 < n < 6) Clusters. The vibrational frequencies for the most stable potassium clusters of a given n were calculated. This yielded the entropic, Figure 16a and enthalpic, Figure 16b contributions to the ⌬ K G . In general, the same trends were observed as for the barium clusters: the entropic term destabilized larger clusters to a lesser extent than smaller ones and the enthalpic term stabilized smaller clusters. However, at 150 K the latter term was about an order of magnitude smaller than the former and therefore did not substantially affect the total ⌬ K G , as was found for the BaOC 60 systems.
Once again we cannot accurately calculate the ⌬ K G at very high temperatures. However, at temperatures of 150 and 300 K along with the experimental pressure of 10 Ϫ6 Torr the ⌬ K G in Figure 17 illustrates that K 4 (C 60 ) 2 is magic, in agreement with experiment. Here, even more so than for the Ba clusters, it is vital to take into account finite temperature effects when determining absolute and relative cluster stabilities. The most stable configurations at 0 K were n ϭ 1 Ͼ 2 Ͼ 4 Ͼ 3 Ͼ 6 Ͼ 5, whereas at 150 and 300 K the order of stability was found to be n ϭ 4 Ͼ 3 Ͼ 2 Ͼ 6 Ͼ 5 Ͼ 1 and n ϭ 4 Ͼ 6 Ͼ 5 Ͼ 3 Ͼ 2 Ͼ 1, respectively. The results indicate that at higher temperatures, the entropy shifts the equilibrium to the formation of larger clusters. This is in agreement with experimental data indicating that only K 17 (C 60 ) 7 and K 14 (C 60 ) 6 are detected at the highest annealing temperatures reached. Previously, we indicated that the configurational entropy may contribute around 1Ϫ2 kcal/mol to the total ⌬ M G . For the Ba clusters such changes were deemed unimportant in determining the order of stability; however, this might not be the case for the K clusters since the ⌬ K G are all closer in energy.
Nonetheless, the calculated results are in-line with experiment, suggesting that configurational entropy does not have a major influence on the total GFEs or that ⌬ K S conf is approximately the same for the different clusters.
CONCLUSIONS
A novel heating method was used to study the thermal stability of BaϪC 60 and KϪC 60 compound clusters. The most stable systems produced could not be rationalized in terms of geometric or electronic shell-filling arguments. Our results demonstrate that the experimental setup can drastically influence if magic clusters are formed. When photon absorption is used to heat the cluster beam, metastable structures may be created. For the setup employed herein, it was found that lower annealing temperatures first yield information about the kinetic stability of the clusters. That is, temperatures exceeding the activation barrier necessary for the fragmentation of all of the initial metastable clusters formed at the source must first be reached before the thermodynamic stability of the clusters can be probed. The long annealing times allow the clusters to attain thermodynamic equilibrium, and therefore the most stable systems correspond to minima in the GFE at the given temperature and pressure. Due to entropic effects, raising the annealing temperature promotes the formation of larger species. This leads to the possibility of rationally engineering the production of nanoscale clusters with highly desirable properties by adjusting the temperature of the heating stage.
Density functional calculations have been performed to determine the energetically most stable structures for M n (C 60 ) 2 (M ϭ Ba, K; 1 Յ n Յ 6) clusters. For Ba, the most stable structural alternatives contained the metal sandwiched between the two fullerenes (set A). Ionic bonding, arising from an incomplete transfer of the valence occupations to the unoccupied fullerene orbitals was found to be the dominant bonding mechanism for small n . As n increased, covalent bonding between the Ba 5d and C 60 -* orbitals increased, being the dominant bonding mechanism for n ϭ 5, 6 . This occurred as a result of C 60 ¡ Ba back-donation into the empty Ba 5d orbitals. MetalϪmetal bonding between the Ba atoms was also found; however, the associated energy was about an order of magnitude smaller than for the aforementioned bonding mechanisms. Thus, for the barium clusters the energetically most stable structures and their geometries are primarily determined by an interplay between ionic and covalent bonding. On the other hand, the K n (C 60 ) 2 (1 Յ n Յ 6) clusters exhibited only ionic bonding arising from a transfer of the 4s 1 valence occupation into unoccupied C 60 orbitals. The most stable geometries were found to minimize the total electrostatic energy. For 1 Յ n Յ 4 isomers from www.acsnano.org set A were the most stable, whereas for n ϭ 5, 6, set B afforded structures with lower energies. An analysis of the finite temperature contributions to the ⌬ M G revealed that the entropic term tends to destabilize larger clusters to a lesser extent than smaller ones. This could be explained by noting that a reaction yielding a single large cluster and many free fullerene molecules has a less negative entropy than one forming many small clusters and no or few free C 60 s. The enthalpic term was seen to stabilize small clusters; however, at temperatures above 100 K it was about an order of magnitude smaller compared to the entropic term. Calculation of thermodynamic quantities was shown to be essential in determining the absolute and relative stabilities of these systems. Because of the formidable computational cost involved in the calculation of vibrational frequencies for such large systems, currently only a few studies, for example refs 22-24, are available which specifically consider the GFEs in determining absolute cluster (oligomer) stability.
We have also proposed a simple criterion (see Appendix) which may be used to unambiguously determine the most stable cluster while simultaneously revealing the order of stability of systems with the general formula A n B k where the quantity of only one of the elements changes. This criterion should be useful in analyzing the results of first-principles studies of binary and even multicomponent clusters.
METHODS
Experimental Methods. The experiments presented herein have been performed using a high-resolution reflectron TOF. 33 The clusters are formed within a noble gas condensation cell and transported through the system to the detector by a jet of He atoms. A novel heating/cooling stage allowing an adjustment to the cluster temperature between 150 and 1800 K is mounted directly after the cluster source. 34 Inside the stage the clusters thermalize with the He bath by collisions, thus assuming the desired temperature. The dwell time of the clusters inside the heating stage can be varied between 0.5 and 1 ms by controlling the He pressure inside the source. In all of the experiments the clusters were cooled to 150 K after exiting the heating stage and before photoionization. The setup is similar to Borggreen's 35 with the main difference being the maximum possible annealing temperature. Details of the experiment have been published elsewhere. 34, 36 Computational Methods. The computations were performed with the Amsterdam Density Functional (ADF) 18, 37 and the Turbomole 38 program packages. The ADF code was used to obtain geometries and bonding energies, and to perform the bonding energy analyses in terms of fragment orbitals. Additional finitetemperature enthalpic and entropic contributions to the GFE were calculated with the Turbomole code at a somewhat lower level of theory. For the systems containing an even number of electrons, when a given symmetry constraint arose in a half-filled HOMO, a symmetry breaking distortion was applied to the cluster, resulting in a geometry with a closed-shell electronic configuration, unless stated otherwise. When an odd number of electrons were present, the structures presented here afford a single unpaired valence electron (doublet) and unrestricted DFT calculations were performed.
In the ADF calculations we have applied the revised PerdewϪBurkeϪErnzerhof (PBE) nonhybrid gradient density functional [39] [40] [41] [42] along with the VoskoϪWilkϪNusair 43 (VWN) local density approximation (LDA). Full geometry optimizations were carried out employing a valence triple-Slater-type basis set with polarization functions for all atoms (TZP) from the ADF basis set library. The coreϪshells up to 1s, 4p, and 2p of carbon, barium, and potassium, respectively, were kept frozen. Despite the fact that C and K are not heavy nuclei, all geometry optimizations with ADF were performed using the zeroth-order regular approximation (ZORA) Hamiltonian [44] [45] [46] in order to facilitate comparison with the "relativistic" Ba containing clusters. Initial geometry optimizations employing an integration accuracy of 4 were performed to determine the most stable M n (C 60 ) 2 (M ϭ K, Ba, 1 Յ n Յ 6) structures for a given n . Afterward computations with an integration accuracy of 6 were carried out to obtain a more precise energy ordering between the most stable clusters for a given n. To clarify the nature of the bonding, we performed a fragment orbital analysis, using the distorted fullerenes (as found in the optimized clusters) and the free metal atoms, as fragments. 18 This yielded the composition of the molecular orbitals of the metal-fullerene cluster in terms of the occupied and unoccupied orbitals of Ba/K and C 60 . It was computationally too expensive to perform numericalϪderivative frequency calculations with ADF. Therefore, to reduce the computational effort, the ADF geometries were reoptimized with Turbomole, using the "resolution-ofidentity" (RI) 47, 48 technique along with the polarized splitvalence SV(P) basis set augmented with the default auxiliary (RI) basis sets from the Turbomole basis set library. The PBE 39, [49] [50] [51] functional was employed, since the revPBE was not available. Relativistic effects were considered in these calculations via a scalar relativistic (6s6p5d)/[4s3p3d] ECP basis with 46 coreϪelectrons. 38, 52 Using the SV(P) basis and the RI technique, it was possible to perform analytical calculations of the vibrational frequencies 53, 54 and finite-temperature contributions to the GFE based thereupon. At times, it was necessary to lower the symmetry and reoptimize the cluster geometry in order to obtain minima. However, the energy changes were much smaller than the bonding energy differences obtained from ADF and Turbomole and are most likely explained by the different basis sets applied and the use of the RI technique. These cluster geometries were not reoptimized with ADF due to the immense computational cost involved. The ⌬ M E and ⌬ M G (see eq 2) presented were obtained by using the ADF energies (which should be considered more accurate than those obtained with Turbomole because of the higher quality basis set applied), augmented with the finite temperature corrections from the Turbomole frequencies calculations. Thermochemical properties were calculated using standard expressions. Because it was computationally too expensive to perform frequency calculations on all of the systems considered, we assumed that the clusters which have the lowest energy will also have the lowest Gibbs free energy. Other affordable methods could not provide superior results: molecular dynamics (MD) requires the use of unknown interaction potentials and ab initio MD would be prohibitively expensive. A subset of the graphics were prepared using the XCrySDen program.
55

APPENDIX
For systems containing a single element, a comparison of the binding energy per atom easily reveals which clusters are magic. However, currently there is no suitable criterion available which may be used to gauge the absolute or relative stability of systems with the general formula A n B k where n varies. In the past, fragmentation energies, [25] [26] [27] averaged binding energies, 2, 26, 27 or the second difference in binding energies 2 were employed. Herein, we examine these criteria showing that in unfavorable circumstances they may lead to contradictory or incorrect conclusions. We propose a new criterion and prove that it allows for an easy and unambiguous determination of the most stable cluster while simultaneously revealing the order of stability of systems with the general formula A n B k . It is assumed that these clusters may react with free A, B and other A m B k species. The criterion can also be applied to evaluate the stabilities of multicomponent systems ( 
where W(A) may denote the energy, E, enthalpy, H, Gibbs free energy, G, or the Helmholz free energy of species A, depending on whether finite temperature and/or pressure effects are important for the system under consideration. If A m B k is thermodynamically more stable than A n B k the reaction
with xn ϭ ym will be exergonic, i.e.,
Rearranging eq 10 we find
and a similar expression for W(A m B k ) . Substituting these into eq 12 and using the fact that mass balance in eq 11 requires that ym ϭ xn yields
Thus, a comparison of the ⌬ A W of two different clusters will automatically determine if the reaction in eq 11 is thermodynamically favorable and therefore identifies the most stable cluster. Since this holds for any m and any n, a comparison of the ⌬ A W values of a set of clusters will unambiguously elucidate which cluster is magic (the one with the most negative ⌬ A W ) as well as yield the relative order of stabilities. We note that a similar proof can be constructed for a multicomponent system as long as ⌬ A W is defined as
where n varies and k, l, ... remain constant. Common criteria for identifying magic clusters include maxima in the fragmentation energies defined as [25] [26] [27] 
maxima in the averaged binding energies given by 2, 26, 27 
or minima in the second difference in binding energies calculated via
To demonstrate how these criteria may fail under unfortunate circumstances, let us assume that our calculations showed that 9.1, 9.5, 9.8, 9.10, 9.12, and 9.14 in Figure 9 were found to be the most stable Ba n (C 60 ) 2 clusters for a given n . That is, for the sake of discussion we assume for the moment that 9.2 does not exist and determine which clusters are predicted to be magic by the different criteria. (20) ⌬E is Ϫ22.50 and Ϫ68.01 kcal/mol, respectively. In both cases the products are more stable than the reactants clearly indicating that Ba 2 (C 60 ) 2 and Ba 6 (C 60 ) 2 cannot be magic. Here, the E F and ⌬
2
E B values fail to make the right prediction because Ba(C 60 ) 2 (9.1) is much less stable than Ba 2 (C 60 ) 2 (9.5). Now, assuming that our calculations also included 9.2 then, with the exception of the averaged binding energies, all of the methods would indicate that Ba 3 (C 60 ) 2 is magic. The E F values would exhibit maxima for the n ϭ 1, 3, 6 clusters and the ⌬ 2 E B values would show minima for n ϭ 1, 3. The E B av would once again predict that the largest cluster, Ba 6 (C 60 ) 2 , is the most stable, which we have shown previously cannot be the case. However, neither the E F values nor the ⌬ 2 E B values are able to determine the relative order of stability of these systems. The E F simply determines the exothermicity of the following reaction: A n B k ¡A ϩ A nϪ1 B k , whereas the ⌬ 2 E B compares the binding energy of the cluster A n B k with the average of the binding energies of A nϩ1 B k and A nϪ1 B k . Therefore, these criteria are commonly used only to determine the most stable cluster and not to determine the relative order of stabilities.
Thus, in this particular case the distribution of energies among the clusters is such that fortunately all methods, except the E B av , pick the same magic cluster. However, only the measure proposed herein can be used to determine the order of the stabilities of the clusters within the set. As we have shown, if 9.2 is not within the set of clusters, and instead one considers a much less stable Ba(C 60 ) 2 isomer, then none of the commonly used criteria correctly identifies the most stable cluster.
As we have already indicated a comparison of the ⌬ A W values for a set of clusters, A n B k , can be used to determine the most stable cluster, as well as the relative order of stabilities, as long as only n varies. However, under certain circumstances it may be possible to determine which cluster is magic for varying n and k . For example, say for two sets of clusters, A 3 B k and A 6 B k , we find that A 3 B 4 and A 6 B 4 have the lowest ⌬ B W values. A comparison of ⌬ A W values for these two clusters could then be used to determine the most stable system. Studies of binary, ternary, and in general multicomponent clusters are currently of great interest because such materials may possess novel magnetic properties 28, 29 and be used as hydrogen storage media, 30 free-standing quantum dots, 31 and building blocks for nanomaterials. 32 We believe a All values given in kcal/mol for A n B k clusters with A ϭ Ba and 1 Յ n Յ 6, B ϭ C 60 , k ϭ 2. b Illustrated in Figure 9 . c Fragmentation energies as defined in eq 16. d Second difference in binding energies as defined in eq 18.
e Averaged binding energies as defined in eq 17.
f Binding energies per barium atom as defined in eq 10.
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